The mercury and antibiotic resistance of 338 strains of Escherichia coli isolated from hospital patients was determined. Resistance to mercury was found in 58.6% of the isolates. The frequencies of resistance to streptomycin (Sm), tetracycline (Tc), chloramphenicol (Cm), kanamycin (Kan), cephaloridine (Cer), and gentamicin (Gm) were 66.3,60.3, 56.5, 42.9, 32.1, and 1.5%, respectively. Among the above, 198 mercury-and antibiotic-resistant isolates were selected and tested for their ability to transfer the resistance to susceptible strains of E. coli K-12 and Klebsiella pneumoniae JK5. R plasmids carrying mercury resistance were demonstrated in 89.9% of the mercury-resistant strains of E. coli. Furthermore, R(Hg,Sm,Tc,Cm) plasmids were demonstrated most frequently, followed by R(Hg,Sm,Tc,Cm,Kan), R(Hg,Cm,Kan), and R(Hg,Sm,-Tc,Cm,Kan,Cer) plasmids.
Resistance of bacteria to mercury has been described by several authors from the viewpoints of morphology (23) , genetics, and biochemistry. In many bacteria, resistance to mercury is associated with a plasmid (7, 8, 13, 14, 16, 17, 19) . Generally, microorganisms have been shown to detoxify mercurial compounds metabolically by forming either volatile mercury derivatives (1, 12, 16, 19, 22) or mercury mercaptides (5, 15, 18, 25) . There are also many bacteria that are resistant to other metallic ions such as cadmium, arsenate, lead, zinc, cobalt, and nickel (8-10, 13, 17) .
It is of interest that resistance to these metals is mediated by the same plasmid that determines resistance to antibiotics. Also, most of these metals have recently been listed as established or possible causes of environmental pollution. For example, methyl mercury is known to cause Minamata disease (6, 20) , and cadmium is the causative agent of Itai-Itai disease in Japan.
The role of R plasmids in drug resistance has been widely studied (2-4, 11, 21, 24) , and extrachromosomal determinants are a main cause of the increase in numbers of drug-resistant bacteria. However, the factors selecting for these metal-resistant bacteria have not yet been identified. We believe that metal-resistant microorganisms do not arise by chance, but that there must be selection factors beyond mere drug resistance. One of these selection factors may be environmental contamination by these heavy metals.
We previously investigated the distribution of the resistance to several metallic ions such as Hg, Cd, As, and Pb among 415 strains ofStaphylococcus aureus (S. aureus) isolated from hospital patients (9) . Recently, we also demonstrated 198 R plasmids with Hg resistance in Escherichia coli isolated from clinical specimens. This paper deals with the genetic properties of these R plasmids carrying Hg resistance.
MATERIALS AND METHODS
Bacterial strains. A total of 338 strains of E. coli were isolated from the Clinical Laboratory of The Jikei University Hospital and tested for their resistance to mercury and six antibiotics. Mating experiments were carried out with a total of 198 Hg-and antibiotic-resistant strains as donors to examine the presence of conjugally transferable R plasmids. E. coli K-12 ML1410 and Klebsiella pneumoniae JK5 were used as recipient bacteria. E. coli K-12 ML1410 was kindly supplied by Matsuhisa Inoue, Department of Microbiology, School of Medicine, Gunma University. It is a nalidixic acid-and rifampin (Rif)-resistant mutant of E. coli K-12. K. pneumoniae JK5 was isolated at our laboratory.
Drug resistance tests. Minimal inhibitory concentrations of the six antibiotics tested against all E. coli strains were determined by the agar dilution method uging nutrient agar. Antibiotics used were streptomycin (Sm), tetracycline (Tc), chlorampheni-ANTIMICROB. AGENTS CHEMOTHER.
col (Cm), kanamycin (Kan), cephaloridine (Cer), and gentamicin (Gm). Those cultures not inhibited by 25 ,ug of Sm, Tc, Cm, or Kan per ml or by 12.5 j.g of Cer or Gm per ml were regarded as resistant to each of the antibiotics.
Mercury resistance tests. As the mercury derivative, we used HgC12. HgCl2 was dissolved in distilled water, sterilized by membrane filtration (Millipore Corp.; pore size, 0.45 ,um), and added to agar medium in the designated concentrations.
Conjugation experiments. Donor strains ofE. coli were cultivated for transfer in nutrient broth (Difco) with shaking for 5 h. One milliliter of a culture containing about 106 bacteria was mixed with 1 ml of a similarly prepared recipient culture. The mixture was statically incubated for 4 to 8 h, and then about 0.01 ml was plated on Simmons citrate agar (Eiken) or nutrient agar (Difco) containing 100 ,ug of Rif per ml plus one of the following substances: 25 ,ug of Sm, 25 ,ug of Tc, 25 Zg of Cm, or 10 ,ug of HgCl2 per ml. The plates were incubated overnight at 37°C and then compared with control plates with individual antibiotics and the parental strains, and also with Rif plates plus single-antibiotic or Hg additions.
RESULTS
Distribution of Hg-and antibiotic-resistant strains of E. coli. Figure 1 shows the distribution curve of Hg resistance obtained by the agar dilution method from 338 clinical isolates of E. coli. The bimodal distribution curve of susceptibility to Hg showed a clear-cut distinction between susceptible and resistant populations, and it can be seen that the resistance was differentiated by concentrations of HgCl2 above 10 /Ag/ml.
The frequency of resistance to Hg was 58.6% among the 338 isolates. On the other hand, the frequencies of resistance to Sm, Tc, Cm, Kan, Cer, and Gm were 66.3, 60.3, 56.5, 42.9, 32.1, and 1.5%, respectively.
Transfer of plasmids carrying Hg resistance. In the first cycle of transfer, the first five strains of E. coli, i.e., JE504, JE456, JE333, JE335, and JE224, transferred the whole complex pattern of resistance at a frequency of about 10-3 to K. pneumoniae JK5 (Table 1) .
However, exconjugants from crosses of the remaining strain, JE117, werp resistant to Hg and all of the antibiotic markers except Kan, the latter apparently segregating out.
These exconjugants were also tested for transfer of their resistance to E. coli K-12 ML1410-Rif as the recipient. The resulting exconjugants were selected on nutrient agar with 100 ug of Rif per ml plus a single selecting drug or Hg in the concentrations given above. After 3 h or more of mating, a high frequency of transfer of virtually the total resistance pattern to the E. coli K-12 recipient was observed. Some data concerning this second cycle of transfer are given in Table 1 . This pattern of resistance was then well transferable in further cycles from and to the recipient strains described.
Resistance patterns of Hg-resistant E. coli strains. Resistance patterns of E. coli strains possessing Hg resistance are shown in Table 2 . Triple-drug resistance appeared most frequently (37.9%) among the strains carrying Hg resistance, followed by quadruple (26.8%)-, double (24.2%)-, and quintuple (7.6%)-drug resistance. In contrast, among these strains, those carrying single-and sextuple-drug resistance were 2 and 1.5%, respectively. Strains carrying only Hg resistance have not been isolated as yet from E. coli.
Genetic properties of the R plasmids carrying Hg resistance. Among the 338 isolates ofE. coli, 198 strains resistant to Hg were selected, and conjugal transferability of their resistance was examined. Among these 198 Hg-resistant strains, 178 R plasmids carrying Hg resistance (89.9%) could be demonstrated (Table 2) . With reference to resistance to Hg and/or six antibiotics, R plasmids with (Hg; Sm,Tc,Cm) resistance were isolated most frequently, followed by R(Hg; Tc,Cm,Kan), R(Hg; Sm,Kan), and R(Hg; Sm,Tc,Cm,Kan,Cer), in that order.
The frequencies of strains with resistance to Sm, Tc, Cm, Kan, Cer, and Gm mediated by R plasmids carrying Hg resistance were 88. 8 (17) . Also, penicillinase plasmids mediating resistance to Hg, Cd, As, Pb, and Zn have been observed in S. aureus (13, 14) . We have reported that the resistances to Hg and Cd mediated by a penicillinase plasmid were found to be controlled by quite different mechanisms (8) .
Numerous studies of drug-resistant bacteria have clarified the close relationship between the appearance of drug-resistant bacteria and usage of the drug. However, the nature of the selection factor for these metal-resistant bacteria has not yet been fully explained from the epidemiological and genetic viewpoints. We have assumed that these metallic ions themselves could be the selection factor because of environmental contamination by these metals. Hg-and antibiotic-resistant isolates were selected and tested for the elimination of Hg and antibiotic resistance. All Hg and antibiotic resistance determinants in five strains were coeliminated at high frequency by treatment with acriflavine and growth at 43°C (about 2.4 to 15.2%).
The resistance patterns of R plasmids were quite similar to those of the resistant strains that were isolated frequently, indicating that Hg and antibiotic resistances in E. coli strains are mainly due to the presence of R plasmids.
